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Abstract 

A critical analysis is presented of the operating temperature windows for nine candidate fusion reactor structural 
materials: four reduced-activation structural materials (oxide-dispersion-strengthened and ferritic/martensitic steels 
containing 8-12%Cr, V-4Cr-4Ti, and SiC/SiC composites), copper-base alloys (CuNiBe), tantalum-base alloys (e.g. 
Ta-8W-2Hf), niobium alloys (Nb-lZr), and molybdenum and tungsten alloys. The results are compared with the 
operating temperature limits for Type 316 austenitic stainless steel. Several factors define the allowable operating 
temperature window for structural alloys in a fusion reactor. The lower operating temperature limit in all 
body-centered cubic (BCC) and most face-centered cubic (FCC) alloys is determined by radiation embrittlement 
(decrease in fracture toughness), which is generally most pronounced for irradiation temperatures below ~ 0.3 T m 
where I’m is the melting temperature. The lower operating temperature limit for SiC/SiC composites will likely be 
determined by radiation-induced thermal conductivity degradation, which becomes more pronounced in ceramics 
with decreasing temperature. The upper operating temperature limit of structural materials is determined by one of 
four factors, all of which become more pronounced with increasing exposure time: (1) thermal creep (grain boundary 
sliding or matrix diffusional creep); (2) high temperature He embrittlement of grain boundaries; (3) cavity swelling 
(particularly important for SiC and Cu alloys); or (4) coolant compatibility/corrosion issues. In many cases, the upper 
temperature limit will be determined by coolant corrosion/compatibility rather than by thermal creep or radiation 
effects. The compatibility of the structural materials with Li, Pb-Li, Sn-Li, He and Flibe (Li 2 BeF 4 ) coolants is 
summarized. © 2000 Elsevier Science B.V. All rights reserved. 
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1. Introduction 
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A wide range of structural materials have been 
considered over the past 25-30 years for fusion 
energy applications. This list includes conven¬ 
tional materials (e.g. austenitic stainless steel), 
low-activation structural materials (ferritic- 
martensitic steel, V-4Cr-4Ti, and SiC/SiC com- 
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posites), oxide dispersion strengthened (ODS) fer¬ 
ritic steel, conventional high temperature refrac¬ 
tory alloys (Nb, Ta, Cr, Mo, W alloys), titanium 
alloys, Ni-based super alloys, ordered intermetal- 
lics (TiAl, Fe 3 Al, etc.), high-strength, high-con¬ 
ductivity copper alloys, and various composite 
materials (C/C, metal-matrix composites, etc.). 
Numerous factors must be considered in the selec¬ 
tion of structural materials, including 

• material availability, cost, fabricability, joining 
technology 

• unirradiated mechanical and thermophysical 
properties 

• radiation effects (degradation of properties) 

• chemical compatibility and corrosion issues 

• safety and waste disposal aspects (decay heat, 
etc.) 

• nuclear properties (impact on tritium breeding 
ratio, solute burnup, etc.) 

The present paper summarizes current informa¬ 
tion on the first four items in this list for nine 
different candidate structural materials, with an 
emphasis on how these issues impact allowable 
operating temperature limits. Several of the 
parameters are compared with austenitic stainless 
steel, which has a well-developed property data¬ 
base but suffers from relatively low thermal con¬ 
ductivity. Due to the importance of low long-term 


Table 1 

Current costs for bulk quantities of simple plate products 


Material 

Cost per kg 

Fe-9Cr steels 

<$5.50 (plate form) 

SiC/SiC 

>$1000 (CVI processing) 

composites 

~ $200 (CVR processing of CFCs) 

V^tCr-4Ti 

$200 (plate form — average between 

1994 and 1996 US fusion program 
large heats and Wah Chang 1993 ‘large 
volume' cost estimate) 

CuCrZr, 

~$10 

CuNiBe, ODS 


copper 

Nb-lZr 

~$100 

Ta, Ta-lOW 

$300 (sheet form) 

Mo 

~$80 (3 mm sheet); — $100 for TZM 

W 

~$200 (2.3 mm sheet); higher cost for 
thin sheet 


induced radioactivity of the fusion reactor struc¬ 
ture, strong emphasis has been placed within the 
past 10-15 years on the development of three 
reduced-activation structural materials: ferritic/ 
martensitic steel containing 8-12%Cr, vanadium- 
base alloys (e.g. V-4Cr-4Ti), and SiC/SiC 
composites. Recently there also has been increas¬ 
ing interest in reduced-activation ODS ferritic 
steels. Additional alloys of interest for fusion ap¬ 
plications include copper alloys (CuCrZr, Cu- 
NiBe, dispersion-strengthened copper), 
tantalum-base alloys (e.g. Ta-8W-2Hf), niobium 
alloys (Nb-lZr), and chromium, molybdenum 
and tungsten alloys. Chromium alloys have been 
excluded from the present survey due to limited 
data on thermomechanical properties (e.g. creep) 
compared to the other Group VI alloys. Recent 
work on Cr alloys has been summarized elsewhere 
[1]. Although explicitly not covered in the present 
survey, the important issues of safety/waste man¬ 
agement and nuclear properties clearly need to be 
considered in the selection of structural materials 
for fusion energy applications. For example, there 
are significant safety [2-4] and waste disposal 
[2,3] issues associated with the use of Mo and Nb 
alloys in conventional fusion blanket systems. 

It should be stressed that the detailed minimum 
and maximum operating temperature limits for a 
given structural material are strongly dependent 
on the specific reactor design. The operating tem¬ 
perature limits summarized in this paper are 
based on typical fusion reactor structural material 
requirements, and may need modification for spe¬ 
cific blanket designs. There have been several 
previous notable analyses which have produced 
tentative dose-dependent temperature design win¬ 
dows for ferritic-martensitic steels [5,6] and vana¬ 
dium alloys [5]. 


2. Material costs and fabrication issues 

The costs per unit mass of large quantities of 
the candidate structural materials in relatively 
simple product forms (sheet or plate) are summa¬ 
rized in Table 1. Ferritic and austenitic steels are 
the lowest-price structural materials due to their 
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Fig. 1. Comparison of the ultimate tensile strength of recrys¬ 
tallized refractory alloys [10,15-18], solutionized and aged 
Cu-2%Ni-0.3%Be [19] and Fe-(8-9%)Cr ferritic-martensitic 
steel [12]. 

widespread commercial market and relative ease 
of fabrication. On the other hand, the current 
standard manufacturing method for producing 
SiC/SiC composites (chemical vapor infiltration, 
CVI, of a woven SiC fiber preform) results in very 
expensive products due to the high cost of fibers 
and the relatively complicated manufacturing pro¬ 
cess. Alternative lower cost SiC/SiC infiltration 
techniques such as reaction bonding or polymer 
preimpregnation are not included in Table 1 due 
to the anticipated poor radiation stability of these 
products. A recent alternative technique for pro¬ 
ducing high-quality SiC/SiC by chemical vapor 
reaction (CVR) conversion of carbon-carbon 
composites [7] is projected to significantly reduce 
the production costs for SiC/SiC (to levels com¬ 
parable to refractory alloys). The fabrication costs 
for producing finished products of refractory al¬ 
loys (particularly W) are significantly higher than 
for steels. The Group V refractory metals (V, Nb, 
Ta) are relatively easy to fabricate into various 
product forms such as tubing, whereas Group VI 
refractory metals (Mo, W) are very difficult to 
fabricate due to their poor ductility at room 
temperature. 

A further issue with SiC/SiC and all refractory 
metals is joining, particularly in-field repairs. Sat¬ 
isfactory full-penetration welds have not been de¬ 
veloped for W, despite intensive efforts over a 
>25 year time span (1960-1985). The main issue 
associated with fusion zone welding of Group V 


alloys is the pickup of embrittling interstitial im¬ 
purities (O, C, N, H) from the atmosphere. En¬ 
couraging results have recently been obtained on 
gas tungsten arc welds of vanadium alloys, al¬ 
though the technique is currently limited to a 
glovebox controlled atmosphere [8]. One promis¬ 
ing alternative joining technique that has recently 
been developed is friction stir welding [9], Since 
friction stir welding is a solid state joining pro¬ 
cess, the amount of impurity pickup from the 
surrounding atmosphere is expected to be consid¬ 
erably less than conventional welding techniques 
(gas tungsten arc, electron beam or laser welding). 
Friction stir welding may have applications for 
dispersion strengthened alloys and all of the re¬ 
fractory alloys if appropriate high strength, high 
temperature stirring tool bits can be developed. 
An additional potential benefit (yet to be demon¬ 
strated) is the possibility of repair-welding irradi¬ 
ated materials containing >10 appm He. 


3. Overview of unirradiated mechanical and 
thermophysical properties 

Recent summaries of the mechanical and physi¬ 
cal properties for V-4Cr-4Ti, Fe-8-9Cr marten¬ 
sitic steel, SiC/SiC composites, and T-lll 
(Ta-8W-2Hf) are published elsewhere [10-13]. A 
good summary of the properties for W and Type 
316 austenitic stainless steel is contained in the 
International Thermonuclear Experimental Reac¬ 
tor (ITER) Material Properties Handbook (pub. 4 
and later versions) [14], The allowable design 
stresses of the nine materials considered in this 
paper is generally controlled by the ultimate 
strength rather than the yield strength (due to the 
low work hardening capacity of refractory alloys 
compared to, e.g. annealed austenitic stainless 
steel). Fig. 1 shows the unirradiated ultimate ten¬ 
sile strength as a function of temperature for 
seven different structural alloys [10,12,14-19]. 
The ultimate strength of SiC/SiC [13] is strongly 
dependent on the fiber-matrix interfacial layer and 
weakly dependent on test temperature between 20 
and 1000°C. Typical ultimate tensile strengths for 
SiC/SiC are 220-240 MPa. The ultimate tensile 
strengths for recrystallized or solution annealed 
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refractory alloys were used to construct Fig. 1. 
The tensile strength and ductility of stress-relieved 
(non-recrystallized) refractory alloys are superior 
to those of recrystallized specimens, with typical 
increases in strength of up to a factor of two 
compared to recrystallized material. However, the 
possibility of stress- or radiation-enhanced recrys¬ 
tallization of these alloys (along with the likely 
inclusion of welded joints in the structure) does 
not allow this strength advantage to be considered 
for conservative design analyses of fusion reactor 
structural components. 

In addition to the ultimate strength (a v ), other 
key properties which determine the resistance to 
thermal stress are the elastic modulus (E), Pois¬ 
son’s ratio (v), thermal conductivity, (/c th ), and 
mean linear coefficient of thermal expansion (a th ). 
A thermal stress figure of merit convenient for 
qualitative ranking of candidate high heat flux 
structural materials is given by M = rr l; /c th ( 1 — v)/ 
(oc th E). The maximum allowable heat flux is di¬ 
rectly proportional to M/Ax (for a constrained 
flat plate), where Ax is the wall thickness. In 
addition, temperature limits (usually determined 
by thermal creep considerations) can be used for 
additional qualitative ranking of materials. A rig¬ 
orous quantitative analyses of candidate materials 
requires the use of advanced structural design 
criteria such as those developed in the ITER 
Structural Design Criteria [20]. 

The thermal stress figure of merit varies from 
~ 57 kW/m for a high strength, high conductivity 
CuNiBe alloy at 200°C [21] to ~2.0 for SiC/SiC 



Fig. 2. Temperature-dependent fracture toughness of pure 
tungsten in various Ihermomechanical conditions [25-30]. 


at 800°C [13,22] and Type 316 stainless steel at 
500°C [14]. However, Cu-Ni-Be is not suitable 
for structural use above ~ 300°C due to poor 
fracture toughness at elevated temperature [23,24], 
and the thermal creep strength of all copper alloys 
is low at temperatures above 400°C (0.5 T M ). 
Therefore, copper alloys are not attractive choices 
for high thermal efficiency power plants and will 
be only briefly discussed in the remainder of this 
paper. The low thermal stress resistance of SiC/ 
SiC is mainly due to the low thermal conductivity 
in currently available composites (primarily due 
to a combination of poor quality fibers and im¬ 
precise control of the CVI deposition chemistry). 
The two major classes of low-activation structural 
alloys, V-Cr-Ti and Fe-8-9Cr martensitic steel 
have figures of merit of ~ 6.4 (450-700°C) and 
5.4 (400°C), respectively. The refractory alloys 
offer some advantage over vanadium alloys and 
ferritic-martensitic steel, even in the recrystallized 
condition. For example, pure recrystallized tung¬ 
sten has a figure of merit of M = 11.3 at 1000°C, 
and TZM (Mo-0.5Ti-0.lZr) has a value of M = 
9.6 at 1000°C. The alloy T-lll (Ta-8W-2Hf) has 
the best thermal stress figure of merit among the 
(non-copper) alloys considered, with a value of 
M= 12.3 at 1000°C. Nb-lZr has an acceptable 
figure of merit (M= 10.1) at 600°C, but its 
strength and thermal stress capability decrease at 
temperatures above 600°C. Considering the high 
induced radioactivity of Nb compared to the 
other Group V alloys (V and Ta), the lack of a 
clear thermal stress performance advantage for 
Nb-lZr makes this alloy less desirable for fusion 
energy structural applications compared to the 
other refractory alloys. Similarly, Mo alloys are 
less attractive than Cr or W alloys due to safety 
and waste disposal considerations. However, the 
mechanical properties database for Cr and W 
alloys is incomplete. 

A major concern for relatively pure W and Mo 
alloys (e.g. W-2%Re, TZM) is their low fracture 
toughness even at temperatures above the ductile- 
to-brittle transition temperature (DBTT). Fig. 2 
summarizes the fracture toughness data for pure 
tungsten in various thermomechanical conditions 
[25-30], The limited available data suggest that 
the fracture toughness is significantly less than 
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100 MPa-m 1/2 at all temperatures, with a typical 
value at 1000°C of ~ 30 MPa-m 1 ' 2 . This is similar 
to the lower-shelf toughness of irradiated fer¬ 
ritic-martensitic steels and vanadium alloys 
[31,32], Addition of 1-2 vol.% of dispersed oxide- 
particles or Re solute produces a slight increase in 
the fracture toughness and a shift in the DBTT to 
lower temperatures [27,28], The room temperature 
fracture toughness of tungsten can be increased to 
~ 60 to 200 MPa-m 1/2 by alloying with 3-6% Ni 
and Fe solute [33,34], Unirradiated group V re¬ 
fractory alloys such as V-4Cr-4Ti have high 
fracture toughness (> 100 MPa-m 1/2 ) at room 
temperature [35,36], 

4. Lower operating temperature limit for 
structural materials 

The lower temperature limits for the eight re¬ 
maining types of structural materials (i.e. exclud¬ 
ing copper alloys) are strongly influenced by 
radiation effects. For body-centered cubic (BCC) 
materials such as ferritic-martensitic steels and the 
refractory alloys, radiation hardening at low tem¬ 
peratures can lead to a large increase in the 
ductile to brittle transition temperature [6,37-40], 
For SiC/SiC composites, the main concerns at low 
temperatures are radiation-induced amorphiza- 
tion (with an accompanying volumetric swelling 
of ~ 11%) [41] and radiation-induced degradation 
of thermal conductivity. 

The radiation hardening in BCC alloys at low 
temperatures ( < 0.37%) is generally pronounced 
even for doses as low as ~ 1 dpa [40,42-45], The 
amount of radiation hardening typically decreases 
rapidly with irradiation temperature above 0.37^, 
and radiation-induced increases in the DBTT may 
be anticipated to be acceptable at temperatures 
above ~ 0.37% (although experimental verifica¬ 
tion is needed, particularly for the Mo, W and Ta 
alloys). Unfortunately, there are very few studies 
on the mechanical properties of high temperature 
refractory alloys irradiated and tested at tempera¬ 
tures above 0.3 T M ( ~ 700°C for Mo and W al¬ 
loys). There are no known fracture toughness 
measurements on high temperature refractory al¬ 
loys (Mo, W, Ta alloys) following neutron irradi¬ 


ation at any dose or temperature. The Charpy 
V-notch impact database on irradiated high tem¬ 
perature refractory alloys is also virtually 
nonexistent. 

The radiation hardening and embrittlement 
database for ferritic-martensitic steels and V- 
4Cr-4Ti, Ta, Mo and W alloys is briefly summa¬ 
rized in the following paragraphs. These data 
were used to make rough estimates of the mini¬ 
mum allowable operating temperature of struc¬ 
tural alloys due to radiation embrittlement 
concerns. A Ludwig-Davidenkov relationship 
[37,39] between hardening and embrittlement was 
used to estimate the ductile to brittle transition 
temperature. In this model, brittle behavior oc¬ 
curs when the temperature dependent stress ex¬ 
ceeds the cleavage stress. Due to the lack of 
fracture mechanics data on irradiated high tem¬ 
perature refractory alloys, the corresponding 
derived estimates of the minimum allowable oper¬ 
ating temperature have relatively high uncertainty 
( + 100-200°C). It is worth noting that operation 
at lower temperatures (i.e. within the embrittle¬ 
ment temperature regime) may be allowed for 
some low-stress fusion structural applications (de¬ 
pending on the value of the operational stress 
intensity factor relative to the fracture toughness). 
In addition, it should be noted that the lower- 
shelf fracture toughness of ‘embrittled’ ferritic- 
martensitic steel and V-4Cr-4Ti [31,46,47] is 
significantly higher than that of unirradiated pure 
tungsten. 

Numerous studies have been performed to de¬ 
termine the radiation hardening and embrittle¬ 
ment behavior of ferritic-martensitic steels. The 
hardening and DBTT shift are dependent on the 
detailed composition of the alloy. For example, 
the radiation resistance of Fe-9Cr-2WVTa al¬ 
loys appears to be superior (less radiation harden¬ 
ing) to that of Fe-9Cr- IMoVNb [12,32], The 
radiation hardening and DBTT shift appear to 
approach saturation values following low temper¬ 
ature irradiation to doses above 1-5 dpa, al¬ 
though additional high-dose studies are needed to 
confirm this apparent saturation behavior. At 
higher doses under fusion conditions, the effects 
of He bubble accumulation on radiation harden¬ 
ing and DBTT need to be addressed. Based on the 
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Fig. 3. Effect of irradiation temperature and dose on the yield 
strength of V-4Cr-4Ti [31,45], 

available tensile, Charpy impact and fracture 
toughness data on fission neutron irradiated fer¬ 
ritic-martensitic steels, the minimum operating 
temperature that avoids pronounced embrittle¬ 
ment is ~ 200-250°C. Recently, some experimen¬ 
tal studies have provided evidence that 
fusion-relevant He generation rates may produce 
a further increase in the DBTT beyond that at¬ 
tributable to helium hardening effects alone [6,38]. 
These controversial results were obtained in simu¬ 
lation studies involving He-preimplanted or B- or 
Ni-doped specimens, which raises the possibility 
that it might be an artifact associated with the 
simulation technique. Although useful near-term 
studies could be performed in 600-800 MeV pro¬ 
ton or spallation neutron sources, ultimate resolu¬ 
tion of this issue might only be possible when an 
adequate fusion neutron irradiation facility (e.g. 
the proposed International Fusion Materials Irra¬ 
diation Facility [48]) is constructed. If these He- 
related embrittlement effects are shown to be 
valid for fusion neutron irradiation conditions, 
then the minimum operating temperature for fer¬ 
ritic-martensitic steels could be significantly higher 
than 250°C. 

Fig. 3 summarizes the effect of irradiation tem¬ 
perature and dose on the yield strength of V- 
4Cr-4Ti [31,45], Pronounced hardening occurs 
below 400°C ( ~0.37’ M ), and an apparent satura¬ 
tion in hardening is reached after a damage level 
of 1-5 dpa. The hardening is accompanied by a 
dramatic decrease in the strain hardening capac¬ 
ity, as monitored by uniform elongation tensile 
data. Corresponding Charpy impact and fracture 


toughness investigations have observed brittle be¬ 
havior (K 3 ~ 30 MPa-m 1/2 ) in V-(4-5)%Cr-(4- 
5)%Ti specimens irradiated and tested at 
temperatures <400°C [31,49]. Only moderate 
hardening occurs at temperatures above 400- 
430°C, and radiation embrittlement was not de¬ 
tected in Charpy impact tests of 
V-(4-5)%Cr-(4-5)%Ti specimens irradiated at 
425-600°C for damage levels up to ~ 30 dpa [45]. 
From a comparison of the yield strength and 
Charpy impact data of unirradiated and irradi¬ 
ated V-(4-5)%Cr-(4-5)%Ti alloys, brittle frac¬ 
ture occurs when the tensile strength is higher 
than 700 MPa (the corresponding critical stress 
for cleavage at a crack tip is actually several times 
higher than this tensile stress, due to constraint 
and crack tip geometry considerations). There¬ 
fore, 400°C may be adopted as the minimum 
operating temperature for V-(4-5)%Cr-(4- 
5)%Ti alloys in fusion reactor structural applica¬ 
tions [45]. Further work is needed to assess the 
impact (if any) of fusion-relevant He generation 
rates on the radiation hardening and embrittle¬ 
ment behavior of vanadium alloys. 

The existing mechanical properties database is 
very limited for irradiated Nb and Ta alloys (e.g. 
[50]). Some qualitative trends for Nb and Ta 
alloys can be inferred from the larger database 
[45] on irradiated V alloys. Significant radiation 
hardening has been observed in Ta-(8-10%)W 
alloys irradiated at 415 and 640°C (tensile 
strength > 1000 MPa) to a fluence of 1.9 x 10 26 
n/m 2 , is >0.1 MeV, whereas very little hardening 
occurred at an irradiation temperature of 800°C 
[50], This neutron fluence corresponds to a dam¬ 
age level of 2.5 dpa in Ta (10 dpa in steel). Since 
the matrix hardening in Ta-(8-10%)W at 415 
and 640°C is well above the level which produces 
brittle behavior in V alloys ( ~ 700 MPa), it is 
likely that Ta alloys are embrittled at these irradi¬ 
ation conditions (Charpy impact or fracture 
toughness data are needed to confirm this tenta¬ 
tive prediction). Therefore, the minimum operat¬ 
ing temperature for Ta-(8-10%)W alloys is 
estimated to be ~700 + 75°C, based on DBTT 
considerations. 

A moderate mechanical properties database ex¬ 
ists for irradiated Mo alloys, although most of the 
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data were obtained at relatively low irradiation 
temperatures. Pronounced radiation hardening 
occurs in Mo and Mo alloys such as TZM and 
Mo-Re up to ~ 700°C. For example, the tensile 
strength of Mo-5%Re after irradiation at 800°C 
to a dose of 11 dpa was ~ 1000 MPa for a test 
temperature of 400°C [51,52]. Very low tensile 
elongations were observed in Mo, TZM, Mo- 
Re, and Mo-Zr-B alloys for irradiation and test 
temperatures up to 700-800°C and damage lev¬ 
els of 5-20 dpa [51,53-55]. Irradiation data at 
doses >0.1 dpa are not yet available for the 
recently-developed Mo-TiC alloys which have 
been reported to have improved ductility com¬ 
pared to conventional Mo alloys [56]. It is im¬ 
portant to note that the impact energy 
absorption tests carried out to date on these fine¬ 
grained Mo-TiC alloys have used smooth (un¬ 
notched) specimens. It is difficult to produce a 
quantitative assessment of the fracture resistance 
in specimens without a stress concentrator. The 
estimated minimum operating temperature for 
Mo alloys is assumed to be ~ 800 + 100°C, 
based on the limited tensile data on irradiated 
specimens. Further mechanical properties data 
on Mo alloys (in particular Charpy impact or 
fracture toughness data) at irradiation and test 
temperatures of 650-950°C are needed to de¬ 
velop a better estimate of the minimum operat¬ 
ing temperature associated with DBTT effects. 

Very little information is available on the me¬ 
chanical properties of irradiated W alloys. Ten¬ 
sile elongations of ~ 0 have been obtained for W 
irradiated at relatively low temperatures of 400 
and 500°C (0.18-0.21 T M ) and fluences of 0.5- 
1.5 x 10 26 n/m 2 ( <2 dpa in tungsten) [50,53,57]. 
Severe embrittlement (DBTT > 900°C) was ob¬ 
served in un-notched bend bars of W and W- 
10%Re irradiated at 300°C to a fluence of 
0.5 x 10 26 n/m 2 (~ 1 dpa) [58]. The rate of em¬ 
brittlement was found to be most rapid in the 
W-10%Re alloy. Irradiation data are not yet 
available for the recently developed fine-grained 
W-TiC alloy [59] which has been reported to 
have improved ductility compared to existing W 
alloys. Since mechanical properties data are not 
available for pure tungsten or its alloys irradi¬ 
ated at high temperatures, an accurate estimate 


of the DBTT versus irradiation temperature can¬ 
not be made. The minimum operating tempera¬ 
ture which avoids severe radiation hardening 
embrittlement is expected to be ~ 900 + 100°C, 
scaling from the limited Mo alloy data base. 
Additional data on tungsten and W alloys irradi¬ 
ated at 700-1000°C are clearly needed before a 
more accurate estimate can be made. 

The lower operating temperature limit for SiC/ 
SiC may be due to the ~11% volumetric 
swelling [41] associated with radiation-induced 
amorphization or to thermal conductivity degra¬ 
dation issues. Amorphization occurs in SiC at 
temperatures below ~ 120°C and doses above 
~ 1 dpa for fusion reactor-relevant damage rates 
[41], This sets a strict lower temperature limit for 
SiC in structural applications. For high-perfor¬ 
mance fusion reactor designs [60], the thermal 
conductivity of SiC/SiC must be maintained 
above 12-15 W/m-K. Recent advances in SiC 
processing have resulted in impressive improve¬ 
ments in the thermal conductivity of chemical 
vapor deposited (CVD) SiC, SiC-based fibers, 
and SiC/SiC composites. For example, the ther¬ 
mal conductivity of commercially available high- 
purity CVD SiC exceeds 320 W/m-K at 20°C 
and 75 W/m-K at 1000°C [13,22], and the ther¬ 
mal conductivity of SiC-based fibers has in¬ 
creased from ~ 3 to 64 W/m-K over the past 10 
years [13], SiC/SiC composites with cross-ply 
conductivities of ~75 W/m-K at 20°C and ~ 
30-35 W/m-K at 1000°C have recently been fab¬ 
ricated using CVR techniques [7]. However, 
neutron irradiation causes a pronounced decrease 
in the thermal conductivity of SiC, particularly 
at low irradiation temperatures. Most of the 
degradation occurs below doses of ~ 1 dpa 
[13,22,61]. Although further data are needed to 
more accurately establish the dose and tempera¬ 
ture dependence, existing data [13,22] and recent 
results [61] indicate that the thermal conductivity 
of irradiated SiC/SiC will be less than 10-15 
W/m-K for irradiation and test temperatures be¬ 
low ~ 500°C. SiC/SiC thermal conductivities 
higher than 10-15 W/m-K appear to be achiev¬ 
able in advanced composites for irradiation and 
test temperatures above ~ 600°C [61]. 
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5. Upper operating temperature limit for structural 
materials 


The upper temperature limit for structural ma¬ 
terials in fusion reactors may be controlled by 
four different mechanisms (in addition to safety 
considerations): Thermal creep, high temperature 
helium embrittlement, void swelling, and compati¬ 
bility/corrosion issues. Void swelling is not antici¬ 
pated to be significant in ferritic-martensitic steel 
[62] or V-Cr-Ti alloys [63] up to damage levels 
in excess of 100 dpa, although swelling data with 
fusion-relevant He/dpa generation rates are 
needed to confirm this expectation and to deter¬ 
mine the lifetime dose associated with void 
swelling. The existing fission reactor database on 
high temperature (Mo, W, Ta) refractory alloys 
(e.g. [50]) indicates low swelling ( < 2%) for doses 
up to 10 dpa or higher. Radiation-enhanced re¬ 
crystallization (potentially important for stress-re¬ 
lieved Mo and W alloys) and radiation creep 
effects (due to a lack of data for the refractory 
alloys and SiC) need to be investigated. 

Void swelling is considered to be of particular 
importance for SiC (and also Cu alloys, which 
were shown to be unattractive fusion structural 
materials in Section 3). Fig. 4 summarizes the 
swelling data for irradiated monolithic SiC [64- 
67]. Early irradiation studies by Price and 
coworkers suggested that SiC had negligible 
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Fig. 4. Volumetric swelling data for irradiated monolithic SiC 
[64-66], 


swelling up to ~ 1100°C, and peak void swelling 
was reported to occur at 1300-1500°C [68], In 
contrast, two recent studies have reported signifi¬ 
cant swelling in SiC-based materials at an irradia¬ 
tion temperature near 1000°C [64,66]. Further 
work is needed to accurately establish the temper¬ 
ature range for void swelling in SiC. The maxi¬ 
mum operating temperature for SiC/SiC due to 
void swelling concerns is taken to be 990 + 40°C, 
pending resolution of the apparent conflict be¬ 
tween the previous accepted void swelling trend 
and the two recent studies. Radiation-induced 
matrix microcracking and strength degradation 
might impose further limits on this maximum 
operating temperature, but irradiation data on 
appropriate advanced SiC/SiC composites are not 
yet available. 

An adequate experimental database exists for 
thermal creep of ferritic-martensitic steels [69] and 
the high temperature (Mo, W, Nb, Ta) refractory 
alloys [16,17,70]. Oxide-dispersion-strengthened 
ferritic steels offer significantly higher thermal 
creep resistance compared to ferritic-martensitic 
steels [71,72], with a steady-state creep rate at 
800°C as low as 3 x 10~ 10 s _I for an applied 
stress of 140 MPa [72], The thermal creep behav¬ 
ior of V-4Cr-4Ti is currently being examined in 
the US [73], The V-4Cr-4Ti creep data suggest 
that the upper temperature limit lies between 700 
and 750°C, although strengthening effects associ¬ 
ated with the pickup of 200-500 ppm oxygen 
during testing still need to be examined. The 
thermal creep behavior of SiC/SiC for long expo¬ 
sure times is not well established. However, the 
predicted thermal creep temperature limit for ad¬ 
vanced crystalline SiC-based fibers is above 
1000°C [74], 

One convenient method to determine the domi¬ 
nant creep process for a given stress and tempera¬ 
ture is to construct an Ashby deformation map 
[75]. Using the established constitutive equations 
for grain boundary sliding (Coble creep), disloca¬ 
tion creep (power law creep) and self-diffusion 
(Nabarro-Herring) creep, the dominant deforma¬ 
tion-mode regimes can be established. Fig. 5 
shows an example of a deformation map for 
V-4Cr-4Ti, calculated for a creep-relevant defor¬ 
mation rate of 10~ 8 s _1 [76]. The calculated map 
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Fig. 5. Calculated deformation map for V-4Cr-4Ti [76]. 
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Fig. 6. Operating temperature windows (based on radiation 
damage and thermal creep considerations) for refractory al¬ 
loys, Fe-(8-9%)Cr ferritic-martensitic steel, Fe-13%Cr oxide 
dispersion strengthened ferritic steel. Type 316 austenitic stain¬ 
less steel, solutionized and aged Cu-2%Ni-0.3%Be, and SiC/ 
SiC composites. The light shaded bands on either side of the 
dark bands represent the uncertainties in the minimum and 
maximum temperature limits. 


indicates that thermal creep in V-4Cr-4Ti is 
dominated by dislocation (power law) creep for 
temperatures between 600 and 850°C, although 
Coble creep is also exerting some influence. A 
clear experimental determination of the activation 
energy for dislocation creep in V-4Cr-4Ti can be 
readily made at tensile test-relevant strain rates of 
~10~ 4 s -1 , since the calculated deformation 
map at this strain rate (not shown here, see Ref. 
[76]) indicates that dislocation creep is the domi¬ 
nant deformation mode over a wide temperature 
range without any significant influence of Coble 
creep. As an aside, a similar deformation map 
analysis for helium embrittlement (which may be 
considered to be analogous to Coble creep with 
different activation energies [76]) suggests that 


valid data for V-4Cr-4Ti cannot be obtained at 
tensile test strain rates (10~ 4 s '). Lower strain 
rates (10 -8 s -1 ) must be used to investigate the 
susceptibility of V-4Cr-4Ti to helium embrittle¬ 
ment, in agreement with common working knowl¬ 
edge developed from helium embrittlement studies 
on other alloy systems. 


6. Structural material operating temperature 
windows 

Fig. 6 summarizes the operating temperature 
windows (based on thermal creep and radiation 
damage considerations) for the nine structural 
materials considered in this paper. The tempera¬ 
ture limits for Type 316 austenitic stainless steel 
are also included in Fig. 6 for sake of comparison. 
In this figure, the light shaded regions on either 
side of the dark horizontal bands are an indica¬ 
tion of the uncertainties in the temperature limits. 
Additional temperature restrictions associated 
with coolant compatibility issues are summarized 
in Section 7. Helium embrittlement may cause a 
reduction in the upper temperature limit, but 
sufficient data under fusion-relevant conditions 
are not available for any of the candidate materi¬ 
als. Due to a high density of matrix sinks, ferritic- 
martensitic steel appears to be very resistant to 
helium embrittlement [6,77]. An analysis of He 
diffusion kinetics in vanadium alloys predicted 
that helium embrittlement would be significant at 
temperatures > 700°C [78]. As discussed in Sec¬ 
tion 3, the lower temperature limits in Fig. 6 for 
the refractory alloys and ferritic/martensitic steel 
are based on fracture toughness embrittlement 
associated with low temperature neutron irradia¬ 
tion. An arbitrary fracture toughness limit of 30 
Mpa-m 1/2 was used as the criterion for radiation 
embrittlement. Further work is needed to deter¬ 
mine the minimum operating temperature limit 
for oxide dispersion strengthened (ODS) ferritic 
steel [6]. The assumed value of 290 + 40°C used in 
Fig. 6 was based on results for HT-9 (Fe-12Cr 
ferritic steel) [47]. The minimum operating tem¬ 
perature for SiC/SiC was based on radiation-in¬ 
duced thermal conductivity degradation, whereas 
the minimum temperature limit for CuNiBe was 
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simply chosen to be near room temperature. The 
low temperature fracture toughness radiation em¬ 
brittlement is not sufficiently severe to preclude 
using copper alloys near room temperature [24,79], 
although there will be a significant reduction in 
strain hardening capacity as measured by the 
uniform elongation in a tensile test. The high 
temperature limit was based on thermal creep for 
all of the materials except SiC and CuNiBe. Due 
to a lack of long-term (10 000 h), low-stress creep 
data for several of the alloy systems, a Stage II 
creep deformation limit of 1% in 1000 h (3 x 10 ~ 9 
s " 1 steady-state creep rate) for an applied stress of 
150 MPa was used as an arbitrary criterion for 
determining the upper temperature limit associated 
with thermal creep. Further creep data are needed 
to establish the temperature limits for longer times 
and lower stresses in several of the candidate 
materials. As discussed previously, the high temper¬ 
ature limit for SiC was determined by void swelling 
considerations and the limit for CuNiBe was asso¬ 
ciated with its low unirradiated fracture toughness 
at elevated temperatures. 

With the exception of CuNiBe, the temperature 
windows summarized in Fig. 6 are sufficiently wide 
(AT = 300-400°C) to enable attractive blanket sys¬ 
tems to be designed. The specific values of the 
operating temperatures need to be combined with 
compatibility data for the candidate coolants (cf. 
Section 7) to determine if the temperature window 
is reduced due to corrosion considerations. One 
disadvantage with the high minimum operating 
temperatures of the Ta, Mo and W alloys is that 
they may require the use of high-performance, 
high-cost materials (e.g. Ni-based superalloys) in 
the power conversion piping external to the reactor. 

7. Chemical compatibility with coolants 

Chemical compatibility issues can reduce the 
maximum operating temperature for a particular 
fusion blanket system. Compatibility issues with 
solid breeder, neutron multiplier and plasma-facing 
components are not addressed in the present survey 
and may need to be considered in addition to the 
gaseous and liquid coolant compatibility limits 
summarized below. 


7.1. Oxidation and impurity pickup 

Although oxidation is of concern in all structural 
materials, the Group VI (Mo, W) alloys are of 
particular concern due to the formation of volatile 
(low melting point) oxides which cause significant 
erosion during exposure to air at temperatures 
above ~ 800°C [80,81]. Encouraging results on the 
development of oxidation-resistant refractory al¬ 
loys (e.g. Mo-6Ti-2.2Si-l.lB [82]) have recently 
been reported. The effect of temperature and oxy¬ 
gen partial pressure on the erosion rate of Mo and 
W alloys has been the subject of numerous exper¬ 
imental studies [81,83] and can be modeled by 
analyzing the thermodynamic and non-equilibrium 
oxidation behavior [80,81,84], The experimental 
studies and theoretical models both show a rapid 
increase in the erosion rate of Mo and W due to 
oxidation at temperatures above 1100°C in the 
presence of low partial pressures of oxygen. The 
calculated evaporation rate of W and Mo under 
typical fusion reactor operating conditions (10 
MPa helium; 1 ppm oxygen) depends on the 
importance of boundary layer effects on inhibition 
of the evaporated oxides in a moving coolant. 
These conditions have apparently not yet been 
adequately investigated by experiments. Under 
laminar flow conditions, the oxygen impingement 
rate can be significantly lower compared with a 
static coolant due to the formation of a boundary 
layer which adds resistance for the impinging 
oxygen. Initial estimates suggest that the evapora¬ 
tion rate in flowing helium gas may be reduced by 
several orders of magnitude by this boundary layer 
[84]. This would reduce the evaporation rate of W 
and Mo to a level of a few microns per year in 10 
MPa of Fie containing 1 appm oxygen at temper¬ 
atures up to 1200-1300°C. Experimental confirma¬ 
tion of this predicted effect is needed. 

Oxygen, hydrogen and nitrogen pickup in the 
Group V metals (V, Nb, Ta) causes matrix harden¬ 
ing, which in turn produces an increase in the 
DBTT. All of the Group V metals have a high 
oxygen solubility (e.g. 1-3 wt.% oxygen between 20 
and 900°C for vanadium). Based on thermody¬ 
namic considerations alone, extremely low oxygen 
partial pressures are required to prevent oxygen 
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pickup, (e.g. «10- 36 atm. at T = 700°C [85]). 
The matrix oxygen concentration in vanadium 
must be below ~ 1500 wt. ppm to keep the 
DBTT from rising above room temperature 
[86,87]. In practice, the oxygen pressure limits for 
the Group V metals in fusion blanket systems are 
determined by kinetic rather than thermodynamic 
considerations. The existence of a protective sur¬ 
face oxide film limits the ingress of oxygen at 
temperatures below ~ 600°C due to the relatively 
slow permeation rate of oxygen through the oxide 
film. For example, the V-4Cr-4Ti activation en¬ 
ergy for oxygen diffusion is ~ 130 kJ/mol [88], 
whereas V-4Cr-4Ti oxide growth has an activa¬ 
tion energy of ~ 180-200 kJ/mol [89]. However, 
rapid oxygen pickup occurs at high temperatures 
in the Group V metals [15]. Therefore, formation 
of a protective oxide film is not effective at pre¬ 
venting oxygen pickup at the elevated tempera¬ 
tures where these metals would be expected to 
operate in fusion reactors. Oxygen pickup at tem¬ 
peratures above 600°C can be kept acceptably low 
(< 1000 wt. ppm within a 3-5 mm thick struc¬ 
ture) by limiting the oxygen partial pressure. As¬ 
suming an equilibration constant of unity, 
creation of a monolayer of chemisorbed oxygen 
on Group V metals at T > 400°C requires ~ 1 
Langmuir exposure (10 6 torr-s). A simple calcu¬ 
lation indicates that 10~ 10 torr is a conservative 
lower limit for the oxygen partial pressure that 
would produce an increase in the matrix oxygen 


content of 1000 wt. ppm in a 3 mm sheet of any 
of the Group V metals after long-term (10 years) 
exposure at high temperatures. Therefore, the up¬ 
per temperature limit of V, Nb and Ta alloys is 
~ 600°C if the oxygen partial pressure in the 
coolant (e.g. helium) is significantly greater than 
10 ~ 10 torr and there is no oxygen-related temper¬ 
ature limit if the oxygen partial pressure is less 
than ~ 10 -10 torr. 

7.2. Compatibility with Li, Pb-Li, Sn-Li, and 
Flibe 

The chemical compatibility of the seven remain¬ 
ing structural materials with liquid metals and 
Flibe (LiF-BeF 2 molten salt) is summarized in 
Table 2 [90-120]. The temperature limits in Table 
2 are based on experimental studies of the corro¬ 
sion of uncoated materials, whereas MHD insula¬ 
tor and/or tritium permeation coatings will clearly 
be required for many of the structure/coolant 
combinations listed in the table. Therefore, higher 
temperature limits than listed in Table 2 might be 
allowable if self-healing coatings can be success¬ 
fully developed. Corrosion data for pure tin were 
used in Table 2 due to the absence of data for 
Sn-Li. In general, the refractory alloys have very 
good compatibility with the liquid metals and 
salts of interest for fusion self-cooled liquid 
breeder blanket applications. Corrosion associ¬ 
ated with impurities in the coolant is one of the 


Table 2 

Maximum temperatures of structural alloys (bare walls) in contact with high-purity liquid coolants, based on a 5 pm/year corrosion 
limit [90-120] 



Li 

Pb-17 Li 

Sn-20Li 

Flibe 

F/M steel 

550-600°C [90-93] 

450°C [90,91,93,94] 

~400°C [95-97] 

700°C? 

304/316 SS [98,99] 

V alloy 

650-700°C [90,100,101] 

~650°C [90,102] 

? 

? 

Nb alloy 

~1300°C [103-105] 

>600°C [102] 

(>1000°C in Pb) [106] 

800°C [106-108] 

>800°C [109] 

Ta alloy 

>1370°C [103,104] 

>600°C [102] 

(~1000°C in Pb) [106] 

> 600°C [108,110] 

(<1000°C) [106,107.111] 

? 

Mo 

> 1370°C [103,104,112] 

>600°C [102] 

>700°C [108,110] 

(<1000°C?) [106,107,110,111,113] 

>1100°C? [114,115] 

W 

>1370°C [103,104] 

>600°C [102] 

~1000°C [106,108,113] 

>900°C in LiF [115] 

SiC 

<550°C [116-118] 

>800°C [118-120] 

(>760°C in Sn-Pb-Bi) [120] 

? 



66 


S.J. Zinkle, N.M. Ghoniem /Fusion Engineering and Design 51-52 (2000) 55-71 


key engineering issues for refractory alloys in 
fusion applications. 

The Li chemical compatibility data base for 
high temperature refractory alloys can be summa¬ 
rized as follows: the alloy T-lll (Ta-8W-2Hf) 
has good compatibility with lithium for exposure 
temperatures up to 1370°C (both static and circu¬ 
lating loop experiments). Similarly, the existing 
corrosion data for Nb-lZr exposed to lithium 
indicates good compatibility up to 1000°C (static 
and circulating loops). Pure tungsten and W al¬ 
loys are generally compatible with lithium up to 
1370°C (attack observed at > 1540°C). Mo alloys 
(TZM) also have good compatibility with lithium 
up to 1370°C (attack observed at > 1540°C). The 
compatibility of SiC with Li is uncertain, al¬ 
though thermodynamic analysis [118] and limited 
experiments [116,117] suggest that pronounced 
corrosion occurs above ~ 550°C. Polycrystalline 
SiC of unspecified purity was strongly attacked 
during exposure to lithium at 815°C for 100 h 
[119]- 

The chemical compatibility of Pb Li and Sn- 
Li with many of the candidate structural materials 
is unknown. The corrosion behavior of Pb-Li has 
been adequately studied only for ferritic-marten¬ 
sitic steel and vanadium alloys. The temperature 
limit of ferritic-martensitic steel due to Pb-Li 
corrosion is lower than the thermal creep limit. 
Due to the chemical incompatibility of iron-base 
alloys with liquid lead, a corrosion barrier would 
be required in order to access the high tempera¬ 
ture capability of ODS ferritic steels in a Pb-Li 
cooled system. The limited experimental database 
on corrosion of structural materials in Sn consists 
of short-term ( < 1000 h) isothermal static tests 
only. Austenitic and ferritic steels corrode rapidly 
in Sn at temperatures above ~ 400°C. Additional 
experimental data on Sn-Li compatibility are 
needed for other structural materials. The most 
promising candidates for Sn-Li cooled systems 
are V alloys and SiC/SiC composites. Mo, W and 
Ta-base alloys are the least promising structural 
materials for Sn-Li cooled fusion systems since 
their respective minimum operating temperatures 
to avoid radiation embrittlement are comparable 
to their maximum allowable temperatures associ¬ 
ated with Sn-Li corrosion considerations. 


The chemical compatibility database for Flibe 
is even less certain than for the other candidate 
liquid breeder coolants. The limited data suggest 
that Flibe may have good compatibility with sev¬ 
eral of the proposed structural metals (in particu¬ 
lar Mo alloys), but data are not yet available for 
many of the candidate structural materials. 

8. Summary and conclusions 

The determination of minimum and maximum 
allowable temperature limits for structural materi¬ 
als (Fig. 6 and Table 2) requires consideration of 
several factors. In BCC alloys, the minimum oper¬ 
ating temperature limit will likely be determined 
by radiation hardening and embrittlement issues. 
The minimum temperature limit for SiC/SiC com¬ 
posites will likely be determined by thermal con¬ 
ductivity degradation effects. The upper 
temperature limit for BCC alloys will typically be 
determined by either thermal creep, helium em¬ 
brittlement, or chemical compatibility issues. The 
upper temperature limit for SiC/SiC will likely be 
determined by either void swelling or chemical 
compatibility issues (helium embrittlement and 
thermal creep would be expected to become pro¬ 
nounced at higher temperatures than the void 
swelling limit in SiC, which is estimated to occur 
at ~ 950°C). There are large uncertainties in the 
allowable temperature window for high tempera¬ 
ture refractory alloys due to a lack of mechanical 
properties tests (fracture toughness, helium em¬ 
brittlement of grain boundaries) on irradiated 
material. 

Additional issues which need to be considered 
in the selection of the structural materials include 
transmutation effects (long term activation and 
burn-up of alloy elements), afterheat/safety issues 
(including volatization), and availability/proven 
resources. In order to perform a more comprehen¬ 
sive analysis of the potential suitability of refrac¬ 
tory alloys for fusion structural applications, 
additional experimental data are needed on chem¬ 
ical compatibility with coolants, fracture tough¬ 
ness before and after irradiation, and on possible 
joining methods (gas tungsten arc, friction stir 
welding, etc.) for fabrication of original compo¬ 
nents and for field repairs. 
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